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he acrosome reaction (AR), necessary for fertilization in many species, requires an increase in intracellular Ca21 ([Ca21]i).
In sea urchin sperm, the AR is triggered by an egg-jelly factor: the associated [Ca21]i elevation lasts minutes and involves
wo Ca21 permeable channels. Both the opening of the second channel and the onset of the AR occur ;5 s after treatment
with egg factor, suggesting that these events are linked. In agreement, removal of Ca21 from sea water or addition of Ca21
channel blockers at the time when opening of the second channel is first detected inhibits AR and causes a “rapid” (t1/2 5
–15 s) decrease in [Ca21]i and partial inhibition of the intracellular pH change associated with the AR. Simultaneous
ddition of NH4Cl and either EGTA, Co21, or Ni21 5 s after egg factor prevents the partial inhibition of the evoked pHi
change observed but does not reverse AR inhibition. Therefore, the sustained increase in [Ca21]i caused by the second Ca21
channel is needed for the sperm AR. Experiments with agents that induce capacitative Ca21 uptake (thapsigargin and
cyclopiazonic acid) suggest that the second channel opened during the AR could be a store-operated Ca21
channel. © 2001 Academic Press
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BINTRODUCTION
In many species the sperm acrosome reaction (AR)3 is an
essential step in fertilization (Wassarman, 1999). In sea
1 To whom correspondence should be addressed at Universidad
Nacional Auto´noma de Me´xico, Departamento de Gene´tica y
Fisiologı´a Molecular del Instituto de Biotecnologı´a, Apdo. Postal
510-3, Cuernavaca, Morelos 62271, Mexico. Fax: (52) 73-29-16-57.
E-mail: darszon@ibt.unam.mx.
2 Present address: University of Newcastle upon Tyne–The
edical School, Department of Physiological Sciences, Framling-
on Place, Newcastle upon Tyne NE2 4HH, UK.
3 Abbreviations used: ASW, artificial sea water; LCaASW, 1 mM
aCl2, pH 7.0 ASW; AR, acrosome reaction; Factor, fucose sugar-ich proteoglycoconjugate; [Ca21]i and pHi, intracellular [Ca21] and o
220rchins, this reaction is triggered by a fucose sulfate-rich
roteoglycoconjugate (herein referred to as Factor) from the
gg-jelly coat and consists of the exocytosis of the acroso-
al vesicle and the extension of the acrosomal process.
his process is surrounded by a new membrane that allows
perm to interact with the egg’s vitelline layer and, subse-
pH; DMSO, dimethylsulfoxide; EDTA, ethylenediaminetetraacetic
acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid;
CPA, cyclopiazonic acid; EGTA, ethyleneglycol-bis(b-aminoethyl
ther)-N,N,N9,N9-tetraacetic acid; FAU, fluorescence arbitrary units;
CECF, 29,79-bis(2-carboxyethyl)-5(and-6)-carboxyfluorescein acet-
xymethylester; diS-C3-(5), dipropylthiacarbocyanine iodide.
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221Sea Urchin Sperm AR Requires Two Ca21 Channelsquently, to fuse with the egg plasma membrane (Vacquier,
1998; Darszon et al., 1999).
The AR occurs in seconds and is associated with the
ptake of Ca21 and Na1 and the release of H1 and K1 across
he sperm plasma membrane (Schackmann et al., 1978;
chackmann and Shapiro, 1981). These ion movements lead
o an increase in intracellular pH (pHi) and intracellular
Ca21 ([Ca21]i) (Trimmer et al., 1986; Guerrero and Darszon,
1989a,b), and a slow Ca21-dependent membrane potential
depolarization (Schackmann et al., 1981, 1984; Garcı´a-Soto
et al., 1987). The induction of the AR requires these
changes in the intracellular ionic milieu (reviewed in Dars-
zon et al., 1999).
The increase in [Ca21]i that occurs during the AR involves
he sequential activation of two distinct Ca21 permeability
athways, which are thought to be Ca21 channels. Initially
dihydropyridine-sensitive Ca21-selective channel opens
nd then, after a 5-s delay, a Mn21 pemeable channel is
activated. [Ca21]i increases from ;0.1 to ;1 mM within ;10
s. The pHi increase (from ;7.3 to 7.6) also reaches its new
alue during this time (Guerrero and Darszon, 1989b;
chackmann, 1989), while the membrane potential, as
easured with dipropylthiodicarbocyanine [diS-C3-(5)],
starts to depolarize (from around 245 to 0 mV) ;5 s after
the egg jelly addition and reaches a new stable value within
1 min (Garcı´a-Soto et al., 1987).
In this context, we became interested in studying the
physiological role of the second Ca21 channel in the AR. We
rst examined the kinetics of the Factor-induced AR and
ound that 5 s after the addition of Factor ,35% of sperm
ad completed the AR, suggesting that the second channel
s required for the AR. To determine the participation of the
econd channel in the AR we inhibited Ca21 uptake through
it, either by removing Ca21 from sea water with EGTA (a
a12-chelator) or adding Ca21 “channel blockers” (Co21 and
i21) at the time that the channel was opened by Factor (;5
s). Our results show that the opening of the second Ca21
channel is required to achieve AR.
Recent findings in mammalian sperm indicated the pos-
sible participation of a capacitative Ca21 channel in the AR
Santi et al., 1998; O’Toole et al., 2000). Thapsigargin and
yclopiazonic acid (CPA) are inhibitors of the Ca21–ATPase
from the sarco/endoplasmic reticulum that are used to
stimulate store-operated Ca21 channels (Parekh and Penner,
997). These agents increase sea urchin sperm [Ca21]i only
n the presence of external Ca21. The sensitivity of the
hapsigargin-induced Ca21 uptake to Ni21 is similar to that
f the second Ca21 channel opened during the AR. These
bservations suggest that the second channel might be a
tore-operated Ca21 channel.
MATERIALS AND METHODS
S. purpuratus sea urchins were from Pacific Bio-Marine Labora-
tories (Venice, CA). Ionomycin, thapsigargin, and cyclopiazonic
Copyright © 2001 by Academic Press. All rightacid were from Sigma (St. Louis, MO). Fura-2 AM and 29,79-bis(2-
carboxyethyl)-5(and-6)-carboxyfluorescein acetoxymethylester (BCECF
AM) were obtained from Molecular Probes (Eugene, OR).
Sperm were collected as previously described (Darszon et al.,
1984), stored undiluted on ice, and used the same day. Artificial sea
water (ASW) composition was (in mM): NaCl (486), MgCl2 (23),
MgSO4 (30), CaCl2 (10), KCl (10), NaHCO3 (2.5), EDTA (0.1),
HEPES (10), pH 8.0. Egg jelly and Factor were obtained as described
(Garbers et al., 1983). The percentage of AR was determined by
phase-contrast microscopy (Vacquier, 1986), fixing with 12% glu-
taraldehyde.
[Ca21]i and pHi Measurements in Sea Urchin Sperm
[Ca21]i and pHi measurements of sperm in suspension were made
sing the intracellular fluorescent probes Fura-2 and BCECF,
espectively. They were loaded into sperm as described by Guerrero
nd Darszon (1989b). Briefly, semen was diluted 1:10 in 1 mM
aCl2, pH 7.0 ASW (LCaASW), and incubated with the permeable
orm of the dyes (12 mM Fura-2 AM or 5–10 mM BCECF AM, from
a 1 mM stock in DMSO) and 0.5% of Pluronic F-127 for 3 h at 14°C.
Cells were diluted 10 times, pelleted (6 min, 1000g), and resus-
pended 1:10 in LCaASW. Thereafter, 20–50 ml of this dilution was
dded to 2 ml ASW in a thermostated (16°C), round cuvette for
uorescence measurements. The suspension was left to equilibrate
or 2 min and was constantly stirred.
Fura-2 fluorescence (340 nm excitation, 490 nm emission) was
alibrated in situ (Guerrero and Darszon, 1989a,b) using a Kd of 725
M as suggested (Trimmer et al., 1986). The pHi was measured by
ollowing the fluorescence at 550 nm of BCECF excited at 500 nm
nd was calibrated as previously indicated (Guerrero and Darszon,
989b).
The [Ca21]i and pHi experiments were performed at least seven
times with different batches of sperm. In all cases Factor or egg jelly
was added at saturating concentrations (20–30 nmol of fucose
equiv/ml) to trigger a maximal AR response. External Ca21 was
removed by adding EGTA (stock 1 M) to a final concentration of 15
mM. The EGTA stock was at pH 9.5–10 (NaOH) to neutralize the
acidification caused by chelation of 10 mM Ca21, so that the final
pH in ASW was ;8.0. The kinetics of Ca21 removal from ASW were
determined using Fura-2 in the extracellular media. Addition of 15
mM EGTA lowered external Ca21 from 10 mM to 34 6 8 nM with
t1/2 of 0.96 6 0.39 s (n 5 4).
RESULTS
Experiments with Fura-2-loaded spermatozoa using Mn21
as an indicator of Ca21 influx through Ca21 channels
showed that the increase in [Ca21]i induced by the Factor
involves the sequential activation of two Ca21 channels
Guerrero and Darszon, 1989b). Factor induces an immedi-
te nisoldipine-sensitive Ca21 influx through a path that
oes not allow Mn21 permeation and, after a lag time of 5 s,
n uptake pathway for Mn21 is activated. This divalent
ation displaces Ca21 from Fura-2 and quenches its fluores-
cence. Because of this, the opening of the second channel,
which is insensitive to nisoldipine and modulated by pHi,
can be followed in sea urchin spermatozoa. The second
s of reproduction in any form reserved.
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222 Gonza´lez-Martı´nez et al.channel opens usually 5–6 s after Factor addition, as deter-
mined with Mn21 (Fig. 1A).
Figure 1B shows the time course of AR induction by
actor in a sperm suspension. Given that the fixation of
perm with glutaraldehyde is not instantaneous, the values
btained are an upper limit of the AR at the indicated times.
n spite of this, AR becomes significant (.30%) 5 s after
reatment with Factor, the time at which the second
hannel opens and depolarization begins. Such a temporal
orrelation suggests that these ionic events may be required
or the AR.
Two Ca21 Permeable Channels Participate in the AR
Co21 inhibits the AR (Schackmann et al., 1978); however,
its concentration dependence or mode of action were not
known. Figure 2 shows that Co21 inhibited the Factor-
induced Ca21 influx and the AR. As the Co21 concentration
FIG. 1. (A) The trace illustrates the time course of Mn21 influx
during the egg-jelly Factor (F)-induced acrosome reaction (% AR) in
S. purpuratus sperm, loaded with Fura-2. Fluorescence (FAU,
fluorescence arbitrary units) was recorded at 490 nm; excitation
was at 340 nm. Mn21 (3 mM) was supplied before the addition of F.
n21 influx (fluorescence decrease) occurs with a ;5-s delay. (B)
ime course of AR. Sperm were diluted 10-fold in LCaASW (see
aterials and Methods); thereafter 10 ml was further diluted in 1 ml
f ASW. Zero time was taken when F (at saturating concentrations)
as added. At the indicated times a 50-ml aliquot was withdrawn
and added to an equal volume of 12% glutaraldehyde for fixation.
AR was determined as described under Materials and Methods in
four independent sperm batches; average values are presented as
means 6 SD.as raised, the sustained increase in [Ca21]i and the AR 1
Copyright © 2001 by Academic Press. All rightere blocked (IC50 ; 25 mM), and a less-sensitive transient
increase in [Ca21]i remained. This transient raise in [Ca21]i
was blocked by dihydropyridines and verapamil (not
shown), indicating it is caused by the first Ca21 channel
pening (Guerrero and Darszon, 1989b). These results indi-
ate that in sea urchin sperm the second Ca21 channel is
ore sensitive to Co21 than the first one, and suggest that
locking the second channel inhibits AR. In agreement
ith this, Co21 reduced the uptake of Mn21, which moni-
ors the opening of the second channel (Figs. 2A and 2C).
i21 also is a potent blocker of some Ca21 channels (Fox et
al., 1987). In sperm, Ni21 reduced the Ca21 and Mn21 uptake
and inhibited AR, but at lower concentrations (AR IC50 ; 10
mM) (see Figs. 2B and 2D). However, the concentrations of
Co21 and Ni21 needed to substantially reduce Mn21 up-
ake (Figs. 2C and 2D) also diminishes the initial [Ca21]i
increase (Figs. 2A and 2B). Thus, even though the second
channel is more sensitive to Co21 and Ni21, these divalent
cations also block the first Ca21 channel contributing to AR
inhibition.
To assess the contribution of the second Ca21 channel to
the AR, external Ca21 was chelated or Ca21 uptake was
prevented by the addition of Co21 or Ni21 5 s after adding
Factor. At this time the first Ca21 channel had already
opened and the second Ca21 channel was beginning to open.
igure 3 shows that removing external Ca21 or blocking
a21 uptake at the time when this channel opens caused
inhibition of the AR and a fast decrease in [Ca21]i to a value
slightly lower than the resting level [t1/2 (in s) for EGTA,
Ni21, and Co21 was: 2.8 6 0.8, 6.3 6 1, and 15.3 6 4.5, n 5
3, respectively]. The AR in Fura-2-loaded sperm measured
60 s after adding Factor was 80 6 11% (n 5 12) in control
experiments and 23 6 14% (n 5 24) when Ca21 was chelated
s after adding Factor. Similar AR values were obtained
hen 1 mM Co21 (18 6 7%, n 5 17) or 0.3 mM Ni21 (20 6
2%, n 5 18) was added at the time the second channel
opens. This figure also shows control experiments where
EGTA, Co21, and Ni21 were added before Factor (traces with
arrows before the line of Factor addition). EGTA lowered
the resting [Ca21]i and inhibited the Factor-induced AR and
the increase in [Ca21]i. Co21 and Ni21, as mentioned above,
llowed only a transient [Ca21]i increase and blocked the
R. These results indicate that Ca21 uptake through the
second channel is required to achieve a high percentage of
acrosome-reacted cells. This behavior was displayed in 79%
(19/24) of sperm populations. The remaining 21% (5/24) of
sperm populations were apparently hyperreactive to egg
jelly and in these cases the removal of Ca21 at 5 s after
Factor produced only a small AR inhibition (25%). Al-
though the [Ca21]i increase caused by the first Ca21 channel
uring the initial 5 s is not sufficient to fully induce AR, its
pening is essential to trigger the AR. Blocking the first
hannel with dihydropyridines inhibits the opening of
he second channel and the AR (Guerrero and Darszon,
989b).
s of reproduction in any form reserved.
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223Sea Urchin Sperm AR Requires Two Ca21 ChannelsThe AR Inhibition Caused by Suppressing Ca21
Uptake through the Second Channel Is Not
the Result of a Decrease in the pHi Change
That Accompanies the Reaction
The pHi increase that occurs during the AR is dependent
on Ca21 uptake (Guerrero et al., 1998). Adding EGTA, Ni21,
r Co21 before Factor slightly decreased the resting pHi and
decreased the Factor-induced pHi increase by more than
0% (not shown). The remaining Factor-induced pHi
change is independent of Ca21 because it occurs at very low
xternal concentrations (nM) of this divalent cation, and in
he presence of Ca21 channel blockers. Such Ca21-
independent pHi responses may result from trace contami-
ation of Factor preparations with speract, an egg-jelly
eptide that can induce pHi changes independently of
xternal Ca21 (Schackmann and Chock, 1986).
Figure 4 illustrates the effect of removing Ca21 or block-
ng its influx on pHi when the second Ca21 channel opens.
hese maneuvers interrupted the increase in pHi triggered
by Factor (control DpH 5 0.21 6 0.08, n 5 10), decreasing
the pHi change by: EGTA 42 6 13% (n 5 7), Co21 39.3 6
.3% (n 5 8), and Ni2140.3 6 9.8% (n 5 7), respectively. In
ll cases the AR was inhibited by .65%. In 3/10 experi-
ents, addition of EGTA 5 s after adding Factor reduced
Hi almost to the basal level (not shown), even though the
sea water pH did not decrease (see Discussion). Because
removing Ca21 or blocking its entry reduces the pHi change
nduced by Factor, it could be argued that this decrease
FIG. 2. Co21 and Ni21 inhibit the Factor (F)-induced Ca21 (A, B) an
loaded with Fura-2 and the influx of Ca21 and Mn21 was determ
ndicated by the arrows. The Co21 and Ni21 concentrations are given
f AR expressed as the means 6 SD (n 5 3). In the case of Mn21 u
re shown for simplicity.ontributes to AR inhibition. To rule out this possibility 10
Copyright © 2001 by Academic Press. All rightM NH4Cl, a permeant weak base that increases pHi
(Guerrero and Darszon, 1989b), was added either 5 s before
Factor or together with EGTA, Co21, or Ni21. This ensures
he full pHi change that accompanies normal AR (Guerrero
nd Darszon, 1989b). Figure 5 shows that even under these
onditions Ca21 removal or blockade of the second channel
nhibited AR. These observations indicate that AR inhibi-
ion is caused by the lack of a sustained increase in [Ca21]i,
and not by a decrease in the Factor-induced pHi change.
Is the Second Ca21 Channel a Store-Operated
hannel?
Evidence suggests that a store-operated Ca21 channel may
articipate in mammalian sperm AR. Thapsigargin, an
nhibitor of the sarco/endoplasmic reticulum Ca21–ATPase,
nduces the AR and Ca21 influx in mammalian sperm
(Blackmore, 1993; Meizel and Turner, 1993; Walensky and
Snyder, 1995; Santi et al., 1998; Llanos, 1998). Ca21 deple-
tion from internal stores caused by thapsigargin would lead
to a sustained influx of extracellular Ca21 through store-
perated Ca21 channels (SOCs). Because sperm do not have
ndoplasmic reticulum, the internal store is likely the
crosome. This organelle is endowed with IP3 receptors
Walensky and Snyder, 1995; Trevin˜o et al., 1998) that
ould participate in IP3-induced Ca21 release during the AR
(Meizel and Turner, 1993; Blackmore, 1993; Walensky and
Snyder, 1995). The production of IP3 during the AR
21 (C, D) influx, leaving a transient increase in [Ca21]i. Sperm were
as described under Materials and Methods. The addition of F is
e right of the traces, and are followed by the normalized percentage
only control and full AR inhibition (750 mM Co21, 300 mM Ni21)d Mn
ined
at th
ptake(Domino and Garbers, 1988) and the presence of the IP3
s of reproduction in any form reserved.
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224 Gonza´lez-Martı´nez et al.receptor (Zapata et al., 1997) have also been described in sea
urchin sperm.
To explore the presence of SOCs in sea urchin sperm, the
effects of thapsigargin and CPA, another Ca21–ATPase
inhibitor, were determined on Ca21 influx. Figure 6A illus-
trates that adding 10 mM CaCl2 to sperm suspended in
Ca21-free artificial sea water (0CaASW) increases their
[Ca21]i in a Ni21-sensitive manner. In the absence of exter-
nal Ca21, thapsigargin and CPA did not significantly elevate
[Ca21]i. The increase in [Ca21]i recorded upon external Ca21
addition was enhanced when sperm were exposed to both
Ca21–ATPase inhibitors. The thapsigargin- and CPA-
induced increase in [Ca21]i was blocked by 300 mM Ni21. A
ummary of these results is shown in Fig. 6B. Ni21 inhibits
he thapsigargin-induced increase in [Ca21]i with an IC50 of
8 mM (Fig. 6C) that is similar to the Ni21 sensitivity of the
econd channel activated during the AR (;10 mM, Fig. 2B).
These observations support the contention that the second
Ca21 channel that opens during the sea urchin sperm AR
FIG. 3. Removal of Ca21 from ASW or addition of Ca21 channel
blockers (Co21 and Ni21), before or at the time the Factor (F) opens
the second Ca21 channel, decreases [Ca21]i, and inhibits AR (%) in
S. purpuratus sperm. The vertical line shows the addition of F (;40
nmol fucose equivalents) and the arrows indicate the addition of
EGTA (15 mM), Co21 (1 mM), or Ni21 (300 mM) 5 s before or after
dding F. The top trace displays the increase in [Ca21]i and AR (%)
nduced by F in control cells. The percentage of AR is given at the
nd of each trace. These traces are representative of at least seven
xperiments.ould be a SOC. Thapsigargin and CPA elevated sperm T
Copyright © 2001 by Academic Press. All rightCa21]i in a similar fashion when the cells were suspended
in normal sea water (not shown).
In contrast to what occurs in mammalian sperm, thapsi-
gargin and CPA did not cause a substantial increase in AR
even after 10 min. A possible explanation for this would be
that [Ca21]i and pHi must coordinately change in a narrow
window of time so that sea urchin sperm achieve AR
(Gonza´lez et al., 1992). Adding NH4Cl to increase pHi
simultaneously with thapsigargin tested this explanation.
Figure 7 shows that the small AR induced by thapsigargin
does increase 2.5-fold by this maneuver (from 0.14 6 0.06 to
0.35 6 0.08, respectively). This result indicates there is
nother unknown reason why this Ca21–ATPase inhibitor
is unable to trigger substantial AR by itself in sea urchin
sperm. The acrosome is larger in mammalian sperm than
that in sea urchins and this size difference could be part of
the explanation.
DISCUSSION
Two different Ca21 channels open during the sea urchin
perm AR. The second one is activated about 5 s after
nducing the AR with egg-jelly or Factor and is modulated
FIG. 4. Ca21 removal with EGTA (15 mM) or Ca21 channel-
lockade with Co21 (1 mM) or Ni21 (300 mM) 5 s after Factor (F)
addition (vertical line) interrupts the sperm pHi change. Intracel-
ular pH was measured as described under Materials and Methods.
he first trace shows the control (C). The vertical scale indicates a
hange of 0.25 pH units. The pH before jelly addition was always
7.3–7.4. All numbers above the traces are the percentages of AR.
hese traces are representative of at least five experiments.
s of reproduction in any form reserved.
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225Sea Urchin Sperm AR Requires Two Ca21 Channels
Copyright © 2001 by Academic Press. All rightby pHi (Guerrero and Darszon, 1989a,b). In Fura-2-loaded
sperm this channel is poorly Ca21 selective (it allows Mn21
permeation) and is postulated to cause the massive Ca21
uptake associated with the AR (Guerrero and Darszon,
1989b). When the second channel opens there is at most
35% AR (see Fig. 2). Because of the fixation time this AR
value is an overestimation. Thus, these results suggest that
the opening of the second Ca21 channel may be necessary
or the AR.
To test this hypothesis we inhibited these two Factor-
nduced processes by removing external Ca21 (nM final
oncentration), or by blocking the second Ca21 channel by
dding Ni21 or Co21 5 s after sperm exposure to this Factor.
These treatments caused: (1) a decrease in [Ca21]i in the
resence of Factor to a lower level than at rest, (2) a
eduction (;40%) in the change in pHi induced by the
Factor, and (3) inhibition of the AR. An inhibition of the
Factor-induced pHi response cannot account for the inhibi-
ory effects of channel blockade on the AR, as shown in
xperiments in which alkalinization is mimicked by adding
0 mM NH4Cl. Taken together these observations indicate
that the increase in [Ca21]i caused by the opening of the
second Ca21 channel is necessary to attain full AR. Conse-
duce an increase in [Ca21]i in S. purpuratus sperm, which depends
aASW. (A) After the addition of 10 mM TAP or 50 mM CPA in the
red by adding 10 mM CaCl2. These traces are representative of at
increase in [Ca21]i when 10 mM Ca21 is added. The horizontal lines
ration dependence of the inhibition caused by Ni21 on the [Ca21]i
l2 (F). The results are means 6 SD of at least three independentFIG. 5. Removal of Ca21 from ASW or addition of Ca21 channel
blockers (Co21 and Ni21) at the time the Factor (F) opens the second
Ca21 channel, inhibiting AR, even when pHi is increased with NH4.
he concentrations of EGTA, Co21, and Ni21 are as in Fig. 3. Sea
urchin sperm were exposed to 10 mM NH4Cl a few seconds before
r 5 s after adding F. In each series, the first bar represents the AR
ithout NH4Cl, the middle bar NH4Cl addition before F, and the
last bar NH4Cl addition 5 s after F together with Co21, Ni21, or
EGTA, respectively. The means 6 SD of at least nine experiments
are shown. The percentage of AR was normalized with respect toFIG. 6. Addition of thapsigargin (TAP) and cyclopiazonic acid (CPA) in
on external Ca21. Sperm were loaded with Fura-2 and resuspended in 0C
resence or the absence of 300 mM Ni21, normal external Ca21 was resto
least seven experiments. (B) The bars represent the means 6 SEM of the
in the bottom indicate Ni21, TAP, CPA, or Ca21 additions. (C) Concent
increase induced by 10 mM TAP in 0CaASW after adding 10 mM CaCs of reproduction in any form reserved.
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226 Gonza´lez-Martı´nez et al.quently, the increase in [Ca21]i mediated by the first Ca21
channel together with the increase in pHi are necessary but
not sufficient to trigger the AR. It is tempting to speculate
that these early events of Factor signaling are required to
promote opening of the second channel.
The Second Channel Could Be a Store-Operated
Channel
Ca21 uptake through channels that are activated by the
depletion of intracellular Ca21 stores (SOCs) maintains a
igh concentration of this cation in intracellular stores and
ay participate in cell signaling (Parekh and Penner, 1997;
arritt, 1999). Some of the mammalian homologs of the
rosophila trp gene family encode SOCs (Harteneck et al.,
000). Several of these homologs (TRPs) are expressed in
ammalian testis and probably in the germ lineage (Garcı´a
nd Schilling, 1997; Wissenbach et al., 1998; Vannier et al.,
999). The present study provides evidence suggesting that
ea urchin sperm, as many cells, have SOCs, and that they
re involved in the AR.
The possibility that SOCs may participate in the sea
rchin sperm AR is derived from the following results.
1. Thapsigargin and CPA activate Ca21 uptake into
perm. These compounds inhibit the Ca21–ATPase of
mooth endoplasmic reticulum-type internal stores, thereby
romoting Ca21 efflux from them (Thastrup et al., 1989) and
consequently activate SOCs. It is likely that a similar
ATPase is present in the acrosome of sea urchin sperm. In
the experiments performed here it was not possible to
resolve thapsigargin or CPA increases in [Ca21]i in the
absence of external Ca21. Even when sea urchin sperm are
xposed to ionomycin in the absence of external Ca21, a rise
in [Ca21]i is not detectable in Fura-2-loaded sperm, suggest-
ng that there is little Ca21 in intracellular stores (Schack-
mann, 1989; Guerrero and Darszon, 1989b; Guerrero et al.,
1998) and that its release must be very local.
2. External Ca21 is required for this sperm response,
uggesting that thapsigargin and CPA cause Ca21 influx
hrough a SOC.
3. The increase in Ca21 uptake induced by thapsigargin
and CPA is inhibited by Ni21, with an IC50 of ;8 mM for the
latter.
4. Ni21 blocks the second Ca21 channel necessary to
achieve AR with a similar IC50 (10 mM), whereas higher
concentrations (.300 mM) are required to inhibit the first
channel. Thus, these results suggest that the second Ca21
channel could be a SOC.
Although sperm lack an endoplasmic reticulum, there are
findings indicating that the mammalian acrosome releases
Ca21 during the AR (Meizel and Turner, 1993; Walensky
and Snyder, 1995). SOCs have been shown to be present in
mouse spermatogenic cells and in testicular sperm (Santi et
al., 1998), and functionally participate in the sperm AR
(O’Toole et al., 2000). The experiments presented here
Copyright © 2001 by Academic Press. All rightsuggest that SOCs may play an important role in the
induction of the sea urchin sperm AR.
Working Model of the AR in Sea Urchin Sperm
Considering the literature and the results presented here,
a working model for the Factor-induced AR in sea urchin
sperm AR is proposed in which VDCC and SOCs are
sequentially activated by Factor (Fig. 8). Possibly REJ, the
sea urchin sperm receptor for the factor, could be a subunit
or regulator of a poorly selective cation channel (Moy et al.,
1996), whose opening would depolarize sperm, thus allow-
ing VDCC gating. Indeed, REJ shares significant homology
with PKD1 (Moy et al., 1996) and a few related proteins
(Emmons and Somlo, 1999). PKD1 and PKD2 are respon-
sible for the majority of cases of autosomal dominant
polycystic kidney disease, the most frequent human genetic
disease (Tsiokas et al., 1999). The function of these proteins
is unknown, although it has been proposed that they
modulate ion fluxes (Moy et al., 1996; Sanford et al., 1997).
Polycystin-L, a mice homolog of PKD2 that also has homol-
ogy with REJ, has been shown to form ion channels when
expressed in Xenopus oocytes. These channels have a high
conductance, are poorly cation selective, and are sensitive
to Ca21 and pH (Chen et al., 1999). More recently it was
shown that the co-assembly of polycystin-1 and -2 produces
cation-permeable channels with properties similar to those
of polycystin-L (Hanaoka et al., 2000).
At the resting sperm membrane potential (; 255 mV),
VDCC are likely to be partially inactivated (Fox et al., 1987;
Walker and De Waard, 1998). To fully open them, the egg
Factor causes a K1-dependent transient hyperpolarization
(Gonza´lez-Martı´nez and Darszon, 1987) that would remove
FIG. 7. Thapsigargin (TAP) by itself, or together with NH4Cl to
ncrease pHi, does not fully induce AR in sea urchin sperm. Dry
ells were diluted 1:5 in LCaASW and 1 ml of this sperm suspension
as added to 200 ml of ASW, pH 8.0, which contained 10 mM of
thapsigargin (white bar, TAP). Different NH4Cl concentrations
ere added and after 1 min AR was quantified by phase-contrast
icroscopy. Maximum AR was normalized to 1.0. The figure
hows the means 6 SE of normalized AR (n 5 9). The differences
etween 10 mM TAP or 5 mM NH4Cl plus 10 mM of TAP and their
ontrols were significant (*P , 0.05).inactivation (Gonza´lez-Martı´nez et al., 1992). This could be
s of reproduction in any form reserved.
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227Sea Urchin Sperm AR Requires Two Ca21 Channelsachieved either by opening a voltage-dependent K1 channel
activated as a result of the Factor-induced depolarization, or
by a Factor or second messenger-modulated K1 channel.
Because the K1-dependent hyperpolarization is transient, a
return to the resting potential would open VDCC. In
addition, this hyperpolarization would stimulate a mem-
brane potential and Ca21-dependent Na1/H1 exchange, in-
creasing pHi (Schackmann, 1989; Guerrero et al., 1998).
The increase in [Ca21]i attributed to the opening of VDCC
ould lead to IP3 production, possibly through the activa-
ion of a phospholipase C (Domino and Garbers, 1989). The
FIG. 8. Working model for the Factor-induced AR in sea urchin s
exposed to Factor in the presence of Mn21, as in Fig. 1. The middle
nd a section of the acrosome. Binding of the Factor to the sperm r
oltage-dependent Ca21 channels (VDCC) and K1 channels. REJ cou
to open VDCC and K1 channels or a modulator of these channels.
he trace is attributed to the opening of the dihydropyridine-sens
Factor in L. pictus sperm during the first seconds (Gonza´lez-Martı´n
a1/H1 exchange that increases pHi (Schackmann, 1989; Guerr
channels and could also remove inactivation from VDCC that
nactivated. Between 2 and 5 s, the increase in [Ca21]i resulting from
the activation of a phospholipase C. The increased IP3 levels woul
crosome that has not been resolved. The putative Ca21 depletion
store-operated Ca21 channel (second channel) responsible for the su
necessary to open the second Ca21 channel may modulate IP3 bind
pening of this channel is detected as Mn21 uptake that starts at 5ncreased IP3 levels would activate the IP3-receptor (Zapata
Copyright © 2001 by Academic Press. All rightt al., 1997), releasing Ca21 from the acrosome. Because of
he small volume of the acrosome, this release would not
ignificantly increase cytoplasmic Ca21. However, the pu-
tative Ca21 depletion of the acrosome would result in an
unknown signal that would open a store-operated Ca21
channel responsible for the sustained elevation of [Ca21]i
needed for the AR. We have called this latter channel the
second channel. The pHi increase that is necessary to open
he second Ca21 channel may modulate IP3 binding to its
eceptor and/or the store-operated second Ca21 channel, as
it was suggested for mouse spermatogenic cells (Santi et al.,
. The upper part shows a trace obtained from Fura-2-loaded sperm
schematizes the tip of a sea urchin sperm head plasma membrane
tor, named REJ, leads to the opening of dihydropyridine-sensitive,
a subunit of a ligand (Factor)-gated channel that depolarizes sperm
initial increase in [Ca21]i that happens during the first 2 s seen in
VDCC. A K1-dependent hyperpolarization occurs in response to
nd Darszon, 1987), which activates a voltage- and Ca21-dependent
t al., 1998). This hyperpolarization is probably mediated by K1
e resting membrane potential (; 250 mV) would be partially
opening of VDCC would lead to IP3 production, possibly through
ivate the IP3-receptor, causing a localized release of Ca21 from the
e acrosome would result in an unknown signal that would open a
ed elevation of [Ca21]i needed for the AR. The pHi increase that is
o its receptor and/or the store-operated second Ca21 channel. The
d leads to AR.perm
part
ecep
ld be
The
itive
ez a
ero e
at th
the
d act
of th
stain
ing t1998).
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228 Gonza´lez-Martı´nez et al.In summary, our results indicate that the sustained
elevation of intracellular [Ca21]i caused by the second Ca21
channel is essential to achieve full AR in sea urchin sperm.
The evidence suggests that this channel could be a store-
operated channel and that these channels may be important
in the AR of many species.
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